A w t~a l k SUM3lAR.Y: A method was developed that permitted the immediate and relatively uncomplicated study of the inhibition of Bacterium clerogenes during the logarithmic growth phase. With the ten aromatic compounds tested the linear growth rate was immediately established in the presence, as well as in the absence, of inhibitor.
Methods in use for the study of bacteriostatic action have been discussed in a recent communication from this laboratory (Mumell& Vincent, 1949) , which also describes experience with full growth-curve methods, based substantially on those used by Hinshelwood and co-workers (Hinshelwood, 1944) . Although the lengthening of the lag phase that can be demonstrated by these methods has its particular interest, inhibition during the logarithmic growth phase probably constitutes the simplest and most direct approach to the relationship between inhibitor and organism. If the full growth curve is used, the organisms must pass through a lag before reaching the logarithmic phase, so that they are in contact with the inhibitor for periods that vary with its concentration. A method has therefore been developed which exposes a large number of cells to different concentrations of the inhibitor without interruption of an established logarithmic growth phase. We record results obtained by this method with a series of simple aromatic compounds, together with data obtained by one of us (J. M. V.) for Apergillm niger by the method already described (Vincent, 1947) .
EXPERIMENTAL
Irzhibitors. These comprised phenol, catechol, resorcinol, benzoic acid, o-, m-and p-hydroxybenzoic acids, methyl p-hydroxybenzoate, resorcylic (2,4-dihydroxybenzoic) acid and protocatechuic acid. All compounds were as used in an earlier investigation (Cavill, Phillips & Vincent, 1949) or were obtained from commercial sources and purified. Benzoic and the monohydroxybenzoic acids were used as sodium salts; the dihydroxybenzoic acids were neutralized with the calculated volume of NaOH immediately before use to avoid excessive colaur development. Vincent, 19469) was used throughout.
Medium. Buffered glucose peptone solution of the following composition was used: Witte peptone (0.5 %, w/v), glucose (1 yo), NaCl(O.5 %), K&PO4/KH2PO4 buffer ( 0 . 2~)~ ascorbic acid (0.1 yo).
The initially clear medium essential for use in a photometer was obtained as follows :
(1) Peptone water. Witte's peptone (0.59 g.) and NaCl(O.59 g.) were dissolved with heating in 100 ml. water, filtered twice under pressure through cotton wool and highgrade filter paper, autoclaved and stored in screw-capped bottles.
(2) Phosphate buffer. 2 M -& n 0 4 and KHPO, were mixed in suitable proportions to give a pH of 7.0 and autoclaved.
(8) Glucose solution (20y0, w/v) was sterilized by Seitz filtration.
(4) Ascorbic acid (0.1 g.) was sterilized by exposure to 70% ethanol which was subsequently removed by evaporation.
The components were mixed aseptically in the following proportions: peptone water, 85 ml. ; phosphate buffer, 10 ml. ; glucose solution, 5 ml. ; ascorbic acid, 0.1 g. The mixture was stored in a cool mom overnight and Seitz filtered immediately before use. All water used in the preparation of media, inhibitor dilutions and final rinsing of equipment was glass-distilled.
Inhibitor dilutions. In general, stock solutions were prepared by dissolving a known weight of inhibitor, sterilized by previous exposure to 70% ethanol (except resorcylic acid which thus became very coloured), in a calculated volume of 0.2~-phosphate (pH 7.0) to give a concentration ten times greater than the highest required in contact with the organisms. The range of concentrations was then provided for by adding to each of a series of aluminiumcapped and optically matched tubes the requisite proportions of stock inhibitor solution and plain buffer, in each case to a total volume of 1 ml.; control tubes contained 1 ml. plain buffer. The subsequent addition of 9 ml. suspension of organisms provided the final concentrations stated in recording the results.
The low water solubility of methyl p-hydroxybenzoate made it necessary to dissolve this compound in 95% ethanol. Measured samples of this solution were added to the tubes to give a range of concentrations, the ethanol was evaporated under reduced pressure and, to facilitate final solution, 0-1 ml. ethanol was added to each tube before the addition of 10 ml. bacterial suspension. Ethanol was, in these cases, added to the control tubes; in no case did it affect the organism's growth.
Inoczllution, ckttmninution of growth rate and inhibition. The method of inoculation is designed to ensure that, at the time the bacterial suspension comes into contact with the inhibitor, the organisms are in, and remain in, the logarithmic phase. The method is exemplified as follows :
A series of subcultures comprises: loopful from slope to 10 ml. broth (at 5 p.m.), 1-10 ml. broth (9 a.m.), 1-10 ml. broth (11 a.m.), 10-140 ml. broth (12.30 p.m.).
A sample'of the last culture is withdrawn a t a suitable time, the density measured photometrically and the additional time required to reach 85 x lo6 cells/ml. estimated.
At the calculated time, 9 ml. (or 10 ml. in the case of methyl p-hydroxybenzoate) of this suspension are added to each of the tubes. Throughout the procedure care is taken to ensure that the organisms are not exposed to any marked change in temperature; all media and glassware are warmed to 37O. 112 R. G. H . Barbour and J . M . Vim& t Growth can now be followed photometrically at 550 mp., with the water bath (87.5' f 0.5) set alongside the instrument, taking readings of each tube in turn. The tube to follow that being read is shaken to ensure even distribution, and in time to allow bubbles to disperse from the liquid. Units of cell mass are determined from optical density by means of a stclsdard curve for the organism.
Where a linear logarithmic increase with time is obtained, the growth rate can be calculated in the usual way and inhibition expressed as percentage inhibition =C* x 100, where 7cc =control growth rate and ki = growth rate in presence of inhibitor.
Inhibitors that colour the medium can, within reason, be studied by this method provided that the colour correction is not affected by the organism's growth. The addition of ascorbic acid prevented progressive colour development which would otherwise occur in the cases of ctttechol and protocatechuic acid due to quinone formation at pH 7. Ascorbic acid was added in all tests in the interests of uniformity of the medium.
At the time of adding the bacterial suspension to the inhibitors, a tube of the suspension was set aside in the cool room and its pH measured the following morning. In all cases the value was pH 6.9 and, since the medium was strongly buffered and there were no trends in growth rates for acid inhibitors (as would be expected for appreciable change in pH), this value has been taken as representative of the medium throughout the experiments.
Stutement of remlts. Besides comparing substances in terms of the reciprocal of the millimolar concentration giving SOY0 inhibition of growth rate (Iso), dosage-response data are interpreted in terms of a hypothetical adsorption relationship between organism and inhibitor (Phillips & Vincent, 1948).
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RESULTS
Nature of growth curves. Representative curves with and without inhibitor are shown in Fig. 1 . These are typical of those found throughout the present work; there is no sign of any lag or departure from linearity within the 1-2 hr. used for the establishment of the curves. Dosage-respme curves. The curves obtained by plotting inhibition directly against concentration can be interpreted for most of the inhibitors as passing through the origin (curves A and C, Fig. 2 , being typical). However, resorcinol (curve B) and methyl p-hydroxybenzoate (curve D ) seem to cut the abscissa a t the right of the origin, indicating either that the organism can neutralize the action of a small amount of the inhibitor or that a threshold concentration must be reached before antibacterial action occurs (cf. Hinshelwood, 1946, fig. 25 ; and Vincent's (1947) experience with Penicillium roqueforti and Byssochlarnys fulva).
Dosage-response data for the substances not included in Fig. 2 are given in Table 1 . Each inhibition value represents the result in a single tube, all concentrations of an inhibitor being tested a t the one t"lme. Experience in an exploratory series of tests generally agreed with the later, more accurate, findings. 
R. G. H . B a 9 -b~~ a d J . M . Vincent
Before comparing substances and taking account of the effect of substitution it is necessary, particularly with B a t . w o g m s tested at pH 6-9, to consider the likely effect of anionic dissociation, which is generally found to lessen inhibiting potency. At pH6-9 the carboxylic acids w i l l be almost entirely dissociated, whereas in tests against Aspergillus niger a t pH 3.5 practically all To avoid such ridiculous estimates it would be necessary to regard the ionized form at least a third to a half as active as the non-ionized or to picture the inhibitor acting at a biological surface for which the pH is much lower than that of the bulk phase. Comparisons are made, therefore, without adjustment. Bacteriostasis by aromatic compounds 115 Log Is0 data are related to water solubility (expressed as -log S,, where S, is molar water solubility) in Fig. 3 . It will be seen that among the phenols and acids separately (treating the hydroxyacids as substituted acids rather than substituted phenols; cf. Cavil1 et al. (1949) ) there is a fair inverse agreement between water solubility and inhibitory effect. As between phenols and acids, the agreement breaks down. For comparative purposes it is convenient to introduce the value (Table 3) A log I,,, =log Iso of derived substance -log I,, of parent substance.
When this is done it is found that hydroxyl and carboxyl substitutions, other than those providing an ortho-relationship between hydroxyl and carboxyl, lead to a consistent loss of inhibitory effectiveness (groups b to d) where K expresses the relative inhibitory effectiveness per molecule adsorbed. From (1) and (2), K €38
Y=AiTi%-(3)
The validity of the assumption is supported by the agreement between experimental points and the values predicted on the basis of this equation (curves A and C, Fig. 2 and Table 1 ). The remaining two inhibitors can also be interpreted in terms of the s&me relationship if, as already noted, a reasonable adjustment is made for ' tolerance'. Apart from the general agreement between the inhibition-concentration curve and the form of the adsorption isotherm, it is possible by the use of the present bulk inoculum technique to see that a steady state condition is quickly established between organism and inhibitor (indicated by the linear curves in Fig. 1) which is in accordance with the postulate that growth-rate inhibition is being controlled by an adsorption step likely to reach a fairly rapid equilibrium. The reciprocal of A / K gives a direct measure of the relative effectiveness per molecule adsorbed on the basis of the space it occupies. Its influence is seen in Fig. 5 in which the effect of the biological adsorbability constant (B) has been removed from the collection of curves by plotting X in place of x so that for each substance, X = Bx. The low A / K value for phenol results in a practically straight line within the range of observable inhibition, so that attainment of a high degree of inhibition occurs with very little occupation of the surface. The other parent substance (benzoic acid) has a high value for AIR so that the curve flattens over at about 5 0 % inhibition, and very much higher concentrations are required to provide 100 yo inhibition. From equation (a), since +l as the surface approaches saturation, KIA sets the upper limit of y, 1 + B x so that A / K must s O * O l , if 100 yo inhibition be theoretically attainable.
Bacterioatasis by aromatic
From the present data it will be seen that resorcylic acid cannot be expected to provide l OOyo inhibition of Bact. aerogems, 84% being the theoretical Bacteriostasis by aromatic compounds Solution of A / K permits determination of B from equation (4) and data for this criterion, expressed as log By are included in Table 2 applied for ionization. Amongst the phenols there is fair agreement between the two organisms except for phenol itself. In this case the value against Bwt. aeroge?zes might be rather low, and it is a disadvantage of this constant that errors in A/K are likely to =use errors in A/KB that will accentuate the variability of log B. This is particularly liable to happen for lower values of A / K . Having regard to the differences in pH, the trends within the group of acids agree quite well. Apart from the low value for phenol against Buct.
amogena, there is, as for log Is,,, a fair measure of agreement between B and solubility figures among the phenols and acids separately, but no agreement between the groups. AIogB can now be used as for AlogI, the results being tabulated in Table 3 . Rather more consideration is required than for A log I particularly in that comparisons with phenol are likely to be discrepant between the two 120 R. G. H . Barbour afid J . M . Vim& organisms because of the very low value for phenol against Buct. aerogenes. In group (a) leading to mtho-hyhxyl and carboxyl, the relationship between the two criteria is quite close for benmic acid-+salicylic acid but the other three cases involve a proportionately greater increase in biological adsorbability than in the log I,, criterion. The Werence has its explanation in the increased A / K characteristic of the monohydroxybenzoic acids compared with phenol, and resorcylic acid compared with p-hydroxybenmic acid and resorcinol. In the remaining groups there is, excluding comparisons involving phenol with Bact. aerogems, fair agreement between the trends of log B and log I.
DISCUSSION
Although the mass inoculum technique developed in the present work is rather exacting, has the disadvantage of limiting the number of tubes that can be handled at one time and, like any spectrophotometric method, is affected by colour in the inhibitor, nevertheless it seems well suited for the observation of bacteriostasis within a very short time of initial exposure and without interruption of the logarithmic growth. It is likely to be subject to a minimum of uncontrolled side effects as is indicated by the comparison in Fig. 2 of data for methyl p-hydroxybenzoate obtained by the small inoculum, full growth-curve method (Mumell& Vincent, 1949) with the curve obtained by the new method.
It seems reasonable to conclude that the departure of the curve based on the earlier method from the typical adsorption form reflects the more complex nature of the relationship being studied, including some loss of viability at higher concentrations and an appearance of enhanced bacteriostasis.
The present paper also illustrates two approaches to the use of dosageresponse data. In the first instance we have compared substances at a convenient inhibitory level and further we have interpreted the results on the basis of an adsorption relationship. The second approach permits an analysis of the biological effect in terms of biological adsorbability, and the effectiveness relative to the area occupied by each molecule ,adsorbed (AIK). Generally there is fair agreement between the inhibitory index (Iso) and biological adsorbability (B); but the former can be regarded as a resultant of A/K operating on B and some disagreement is to be expected. The phenols are characterized by a smaller A/Zl than benzoic acid, the monohydroxybenzoic acids are intermediate, but the dihydroxybenzoic acids have an AIR as great as the parent acid. Such differences in A / K might be due to intrinsic differences in the effectiveness per molecule adsorbed (K) or to a change in the effective area of the biological surface occupied by the molecule (A) or to changes in both factors.
